Introduction
Beyond their essential role in acute infections and in modulating the adaptive immune response, neutrophils promote severe inflammation and tissue damage in acute and chronic inflammatory diseases. 1, 2 For example, neutrophils are recognized as the key cell type in the pathogenesis of acute lung injury (ALI) triggered by bacterial products, chemicals, hyperoxia, high pressure ventilation, or reperfusion, but at the same time their antimicrobial activity is crucial for host defense. Thus fine-tuning neutrophil responses has attracted considerable interest. When recruited to sites of infection or injury, neutrophils undergo discrete changes, termed priming responses, which can be induced by cytokines, lipopolysaccharide (LPS), leukotriene B4, and adhesion to extracellular matrix. Only upon encountering "end-target" signals such as pathogen-derived peptides (fMLF) or complement fragments (C5a) will the fully active state be attained. 3 The priming phase is characterized by exocytosis of several granule subsets, thereby increasing surface expression and activity of adhesion molecules, receptors, and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Nox2-p22 phox ). Priming is accompanied by distinct phosphorylations and partial oxidase assembly, representing the so-called "ready to go" state, that by itself cannot generate reactive oxygen species (ROS) but markedly augments ROS production upon full neutrophil activation. 4 Activated neutrophils also release antimicrobial peptides, myeloperoxidase, cytokines, proteases, and extracellular traps (NETs), thus promoting pathogen destruction as well as vascular permeability and endothelial damage.
Rho family GTPases are key regulators of cytoskeletal organization required for specialized neutrophil functions including adhesion, cell polarization, directional migration, phagocytosis, and microbial killing. 5 Gene-targeting studies using myeloid lineage-specific drivers showed that Rac1, Rac2, and Cdc42 are involved in various steps of polarization, integrin-mediated spreading, actin polymerization, chemotaxis, and phagocytosis. 6, 7 Rac1, Rac2, or Cdc42 deficiency in innate immune cells attenuated migration in vivo. 6, 8 Moreover, Rac2 is essential for primary granule release and NADPH oxidase activation, both prerequisites for microbial killing. 9 The contribution of RhoA, the main Rho isoform in neutrophils, can only be deduced from cell line-based studies, because RhoA deletion is lethal in early embryogenesis. RhoA regulates actin dynamics and contractility through the downstream targets ROCK1/2 and mDia1-3 formins. 10 ROCK phosphorylates LIM kinase, MLC phosphatase, and myosin light chain, leading to stabilization of actin filaments and formation of actomyosin bundles, whereas mDia catalyzes actin polymerization and stabilization of microtubules. RhoA knockdown in T cells or PLB-985 cells inhibits both SDF-1a-mediated transendothelial migration and fMLF-induced chemotaxis. 11, 12 Further, RhoA-mDia signaling has been implicated in CR3-and Fcg-mediated phagocytosis. [13] [14] [15] remains limited. 7, 10 To better understand how disruption of Rho signaling will alter neutrophil biology, mice with myeloid lineagespecific RhoA and combined RhoA/RhoB deletion were generated. We show here that RhoA acts as a rheostat suppressing premature neutrophil priming. Moreover, Rho discriminates between chemotactic stimuli, thus acting as a negative and positive regulator of neutrophil recruitment in vitro and in vivo. Rho deficiency in innate immune cells increased neutrophil flux toward b 2 integrin-independent stimuli, but limited b 2 integrin-dependent neutrophil recruitment. Even without efficient transmigration, Rho-deficient hyperactivated neutrophils exaggerated tissue injury in LPS-induced ALI. In contrast, an increased influx of hyperactivated neutrophils into the lung protected the host from lethal influenza A virus (IAV) challenge.
Methods

Mouse strains
RhoA loxp/loxp , LysM
Cre/Cre and RhoB 2/2 strains have been reported [16] [17] [18] and were used to generate combination strains as indicated in Figure 1A . Age-(8-12 weeks) and gender-matched mice or gender-matched littermates were used. Survival experiments were terminated at a predetermined humane end point. Procedures were approved by the University College Dublin Institutional Animal Care and Use Committee and licensed by the Department of Health and Children.
Neutrophil migration in vitro
Neutrophils were purified as described. 19 Neutrophils were placed on 3-mm transwell filters coated with 12.5 mg/mL bovine fibronectin for 30 minutes before 10 mM fMLF or 200 ng/mL chemokine (C-X-C motif) ligand 1 (CXCL1) in Hank's Balance Salt Solution was added to the lower chamber. After 1 hour, images of the bottom wells were analyzed using ImageJ software. For certain studies, neutrophils were preincubated with 15 mM Fasudil, 10 mM LIMKi3, 10 mM SMIFH2, 10 mM Y-27632, 50 ng/mL Tat-C3, 2 mM SB203580, 100 nM wortmannin, 5 mM U0126, 10 mg/mL superoxide dismutase (SOD), or 400 U/mL catalase. Three-dimensional migration through Nutragen was performed as described. 20 Random migration was recorded on fibronectincoated glass dishes using an Andor (Olympus) Revolution Spinning disc microscope fitted heated chamber; UPLSAPO 603/1.35 (oil) objective for uropods and UPLSAPO 203/0.75 objective for random migration; camera iXonEM1897 EMCCD. Migration of 15 cells per movie was quantified in ImageJ using manual tracking and chemotaxis tools.
Functional assays
GTPase activity and primary/secondary granule exocytosis were analyzed as reported. 21, 22 Superoxide production was determined by luminol-enhanced chemiluminescence (suspension; in relative light units); H 2 O 2 generation by homovanillic acid assay (adherent; in relative fluorescent units). 23 Immunophenotyping Neutrophils (1 3 10 6 ) were incubated with purified anti-mouse FcgR (clone 2.4G2) to block binding of the labeled antibodies to FcgR. After incubation for 30 minutes at 4°C, the cells were stained with predetermined optimal concentrations of the respective antibodies.
In vivo peritonitis models
Mice were challenged via intraperitoneal (ip) injection with 2 mL phosphatebuffered saline 4% thioglycollate broth or 500 ml PBS containing either 1 g/kg zymosan A or 10 7 Escherichia coli for 5 hours. Cells in the peritoneal lavage were analyzed by flow cytometry after phycoerythrin-conjugated anti-Ly6G staining.
In vivo lung models
Mice were challenged via intranasal installation (in) with 30 mg/kg CXCL1, 1 mg/kg fMLF, 1 mg/kg LPS, 10 7 E coli, or 10 6 pfu/kg IAV Hamburg/05/09 (pHH05) 24 in PBS. At indicated time points, bronchoalveolar lavage (BAL) was analyzed for cytokines using the multiplex-fluorokine assay (R&D Systems), for NET formation by Sytox Green (5 mM) fluorometry, for type I IFNs, and for virus load as described. [25] [26] [27] Paraffin-embedded lung sections were stained with hematoxylin and eosin or modified Carstairs, and visualized with a Leica DFC300X camera and IM50 imaging software.
Statistical analysis
Sample size (n) denotes biological replicates. Statistical analyses were performed as indicated in figure legends using GraphPad Prism, v5.
Results
RhoA deficiency triggers neutrophil priming
Mice with myeloid-specific RhoA deletion, RhoA Figure 1C ). Rho signaling to effectors such as mDia1 promotes actin nucleation and filament assembly. Comparison of F-actin generation in RhoB KO 2 vs RhoA/B dKO neutrophils revealed reduced F-actin levels at baseline and upon fMLF or CXCL1 stimulation ( Figure 1D ). F-actin distribution was also altered at baseline by redistributing actin to the periphery instead of localization throughout the cell ( Figure 1E , quantification supplemental Figure 1A -C available on the Blood Web site). Both RhoB KO and RhoA/B dKO neutrophils displayed F-actin accumulation at the leading edge and polarization into one dominant pseudopod upon stimulation with either fMLF or CXCL1. Thus RhoA/B dKO neutrophils are capable of polarizing but displayed this phenotype before stimulation (quantification supplemental Figure 1D ).
Actin filaments dispersed throughout quiescent neutrophils may restrict access of granules to the plasma membrane. Because the cytoskeleton has been implicated in degranulation, 28 the release of myeloperoxidase (MPO) from primary granules and of lactoferrin from secondary granules was determined. Although MPO secretion was not affected by the absence of Rho (supplemental Figure 1E ), basal and stimulus-mediated lactoferrin secretion was significantly enhanced ( Figure 1F ). In addition, p38 MAPK activity has been linked with granule exocytosis. 29 Analysis of p38 phosphorylation revealed substantial upregulation of basal p38 activity in RhoA/B dKO neutrophils ( Figure 1G ). Further, CD62L shedding, indicating neutrophil activation, and the mobilization of secondary granule proteins including the antimicrobial peptide CRAMP or formylpeptide receptor (FPR) to the cell surface were assessed. In quiescent conditions, both CRAMP and FPR cell surface expression was upregulated in RhoA/B dKO neutrophils, whereas a fraction of For personal use only. on July 7, 2017. by guest www.bloodjournal.org From CD62L was prematurely shed, indicating a stimulus-independent, primed phenotype ( Figure 1H ). After tumor necrosis factor-alpha (TNFa) priming, RhoB KO and RhoA/B dKO neutrophil cell surface expression of these markers was comparable. Treatment of WT neutrophils with several inhibitors of Rho effectors such as ROCK, LIM kinase, or formins, revealed that only SMIFH2, an inhibitor of mDia, augmented granule exocytosis ( Figure 1I ), suggesting that RhoA signaling controls neutrophil degranulation via formin-mediated actin filament assembly.
RhoA regulates the amplitude of receptor-mediated ROS generation
Neutrophil priming is crucial for amplification of the NADPH oxidase-mediated respiratory burst. Premature mobilization of FPR and the Nox2-p22 phox complex will likely lead to increased ROS generation. In neutrophils derived from WT 1 , WT 2 , RhoB KO 1 , and RhoB KO 2 mice, prior TNFa priming was required for fMLFmediated superoxide generation, whereas TNFa or fMLF treatment alone did not trigger significant ROS production ( Figure 2A ). In contrast, unprimed RhoA KO neutrophils generated superoxide upon fMLF stimulation, which was further amplified by prior TNFa exposure ( Figure 2A , first panel). This preactivated phenotype was further enhanced in neutrophils lacking both Rho isoforms. Superoxide levels generated by fMLF-stimulated, unprimed RhoA/B dKO neutrophils were comparable with fully activated neutrophils derived from WT or RhoB KO mice. Exaggerated ROS production in RhoA/B dKO neutrophils was further enhanced when full activation with TNFa and fMLF occurred ( Figure 2A , third panel). This effect was independent of the priming agent (eg, LPS; data not shown) or the secondary stimulus used (C5a; supplemental Figure 2A Attachment of neutrophils to matrix resembles migration through tissues. In these conditions, priming occurs by integrin ligation, followed by moderate but continuous ROS production upon exposure to secondary stimuli. Attached RhoA KO neutrophils released, similar to suspension neutrophils, elevated ROS upon fMLF stimulation ( Figure 2C ). An approximately 100% increase in H 2 O 2 release was observed in RhoA/B dKO vs WT 1 or RhoB KO 2 neutrophils. Chemoattractants and adhesion trigger the intracellular calcium flux required for neutrophil signaling and ROS generation. No alteration of stimulus-dependent temporal elevation of the cytosolic-free calcium was observed (data not shown).
Premature NADPH oxidase assembly in RhoA/B KO neutrophils
The enhanced superoxide production in Rho-deficient neutrophils suggests altered recruitment and phosphorylation of NADPH oxidase components. Immunoblots revealed augmented translocation of the Nox2-p22 phox complex, the phagocyte oxidase component p47 phox , and atypical protein kinase Cz (PKCz) to the plasma membrane of RhoA/B dKO neutrophils ( Figure 2D-E) . Phosphorylationdependent p47 phox translocation can be mediated by PKCz, which targets Ser303/304 and Ser315 in fMLF-stimulated human neutrophils. 30 In murine WT neutrophils, the corresponding Ser316 in p47 phox was transiently phosphorylated by combined TNFa/fMLF stimulation, whereas Ser329 phosphorylation (Ser328 human p47 phox ) was sustained ( Figure 2F ). In RhoA/B dKO neutrophils, fMLF stimulation triggered p47 phox Ser316 phosphorylation, which was further enhanced by prior TNFa priming ( Figure 2G ). TNFa priming by itself did not lead to Ser316 or Ser329 phosphorylation ( Figure 2H ). PMA-induced p47 phox phosphorylation was not altered ( Figure 2H ), again indicating that only receptor-mediated oxidase assembly was altered by RhoA/B deficiency. MAPK are required for phosphorylation of additional sites on p47 phox and p67 phox proteins, 4 and because both p38 and Erk signaling was markedly enhanced in RhoA/B dKO neutrophils ( Figure 1G and Figure 2I ), it seems likely that additional phosphorylations on oxidase components occur. Premature Erk activation was solely dependent on RhoA deficiency (supplemental Figure 2C) .
Rho activity restricts the Rap/b 2 -integrin activation complex
Integrins are essential for neutrophil adhesion and directed migration. In RhoA/B dKO neutrophils, augmented cell-surface expression of the integrin b 2 subunit (CD18), a M subunit (CD11b), and the integrinconnected adhesion molecule CEACAM-1 was observed ( Figure 3A) . The cell surface expression of integrin subunits b 1 (CD29) or a L (CD11a) was not altered, presumably because both of these molecules are not stored in granules. Binding of the a L b 2 (LFA-1) ligand ICAM1 was elevated in RhoA/B dKO neutrophils, suggesting increased b 2 -integrin activation ( Figure 3B ). ICAM1 ligand binding affinity is controlled by inside-out signaling, and in particular by formation of an integrin activation complex that relies on the GTPase Rap. 31 Attachment-dependent Rap1 activation was conserved in all neutrophil genotypes, whereas RhoA/B deficiency triggered premature Rap activation (Rap-GTP) in suspension neutrophils ( Figure 3C ). Translocation of the Rap effector RIAM 32 was markedly enhanced in unstimulated and fMLF-stimulated RhoA/B dKO neutrophils ( Figure 3D ). The reduced expression of the neutrophil semaphorin 7A receptor Plexin-C1, a Rap GTPase-activating protein, 33 may be involved in sustained Rap activation ( Figure 3E ). In addition, cooperation between the Rap-RIAM module and activated p38 ( Figure 1G ), a key player in a M b 2 (Mac-1) activation, 34 likely triggers the increased b 2 integrin activation observed in RhoA/B dKO neutrophils.
Increased integrin affinity often correlates with enhanced adhesion. RhoA/B dKO neutrophils and neutrophils treated with the cellpermeable RhoA-C inhibitor Tat-C3 exhibited significantly increased adhesion on fibronectin ( Figure 3F-G) . Prolonged adhesion/de-adhesion cycles in migrating neutrophils cause the appearance of trailing uropods. Although a transient appearance of elongated uropods was apparent in RhoA/B dKO neutrophils ( Figure 3H ), their overall unstimulated phenotype was surprisingly characterized by increased leading edge formation and enhanced random migration ( Figure 3I , supplemental Figure 1 , and supplemental Video 1).
Rho acts as a positive and negative regulator of chemotaxis
RhoA is considered the predominant force of the "backness" program, enabling contraction and forward movement of cells. As expected, preincubation of neutrophils with Tat-C3 reduced fMLF-mediated chemotaxis of WT 1 neutrophils by 80% to 90% ( Figure 4A ). Directed migration of RhoA KO or RhoB KO neutrophils to fMLF was comparable with WT cells. In contrast, chemotaxis of RhoA/B dKO neutrophils toward fMLF was reduced by 50% ( Figure 4A ), indicating that the presence of either Rho isoform is sufficient for maintaining migration. Tat-C3 treatment of WT 1 or RhoB KO neutrophils had no effect on CXCL1-directed chemotaxis, whereas RhoA/B dKO neutrophils displayed accelerated migration (up to fourfold) toward CXCL1 ( Figure 4B ). The disparity between Tat-C3-mediated Rho inactivation and genetic Rho deletion phenotypes is most likely For personal use only. on July 7, 2017. by guest www.bloodjournal.org From For personal use only. on July 7, 2017. by guest www.bloodjournal.org From caused by an inefficiency of short-term Tat-C3 treatment and/or more generalized changes elicited by Rho deficiency. To mimic movement in interstitial tissue, neutrophil chemotaxis through fibrillar collagen I was analyzed. 35 In RhoA/B dKO neutrophils, migration toward fMLF was again markedly decreased, whereas CXCL1-induced chemotaxis was augmented ( Figure 4C) .
Neutrophil migration to different cues is mediated by the dynamic localization of the phosphatidylinositol 3-kinase (PI3K) product PI(3,4,5)P 3 and by p38 and Erk activation. Although PI3K activity is essential for fMLF-and CXCL1-induced migration, p38 signaling is only involved in fMLF-directed chemotaxis. 36 RhoB KO neutrophils responded accordingly to inhibitors of PI3K (wortmannin) and p38 (SB203580), whereas p38 signaling in RhoA/B dKO neutrophils seems to be refractory to pharmacologic inhibition ( Figure 4D ). MEK1/2-Erk signaling, a prerequisite for fMLF-and CXCL1-induced motility (supplemental Figure 3A) , was highly upregulated in adherent, fMLF-stimulated RhoA/B dKO neutrophils ( Figure 4E ). End-target chemoattractants (fMLF, C5a), but not intermediary chemoattractants (CXCL1), trigger NADPH oxidase activation and ROS production in attached neutrophils. To test whether H 2 O 2 feedback signaling, which will inactivate phosphatases, 37 affects neutrophil migration, SOD and catalase were added during chemotaxis. Both treatments decreased fMLF-induced chemotaxis in RhoB KO neutrophils but had no effect on RhoA/B dKO neutrophils or on CXCL1-induced chemotaxis ( Figure 4D) . Similarly, inhibition of Nox2 activity with diphenylene iodonium did not alter chemotaxis of RhoA/B dKO neutrophils (supplemental Figure 3B) . Alternatively, enhanced chemotaxis of RhoA/B dKO neutrophils toward CXCL1 could be caused by enhanced deformability. Indeed, comparable migration of RhoB KO and RhoA/B dKO neutrophils was observed when the filter pore size was increased ( Figure 4F ). Taken together, Rho limits MAPK activity and regulates cytoskeletal shape changes. Both are part of efficient chemotaxis toward end targets but seem dispensable for migration toward intermediary chemoattractants.
Rho deletion promotes chemotaxis in vivo
Commonly, Rho activity has been considered essential for cell migration. Because CXCL1 and its receptor CXCR2 mediate neutrophil chemotaxis in response to many cues, the unexpected increase in CXCL1-mediated migration by RhoA/B dKO neutrophils suggested that in contrast to the prevailing notion, Rho activity may suppress neutrophil migration in vivo. Rapid neutrophil influx into the peritoneum permits quantitative analysis of neutrophil migration. In sterile inflammation induced by thioglycollate, the number of emigrated neutrophils increased up to fourfold in RhoA/B dKO mice compared with RhoB KO 2 mice ( Figure 5A and supplemental Figure 4A ). Neutrophil influx in RhoA KO mice was only slightly augmented, again highlighting that RhoB upregulation can compensate for RhoA deficiency, whereas the phenotype of Figure 5B) . Similarly, injection of E coli into the peritoneum of RhoA RhoB dKO mice replicated the gain in neutrophil transmigration ( Figure 5C ). Comparison of peritoneal neutrophils derived from RhoB KO and RhoA/B dKO mice after thioglycollate injection revealed that although appearance and attachment of neutrophils was now comparable, fMLF-stimulated ROS production was still elevated (supplemental Figure 4B- 
E).
Rho deficiency leads to stimulus-specific neutrophil influx into the lung
Neutrophil sequestration in pulmonary capillaries and emigration into the lungs are less dependent on adhesion and matrix degradation than neutrophil emigration from the systemic circulation. Further, the pathways required for neutrophil emigration in response to particular stimuli differ and are classified as either b 2 integrindependent or -independent. Although fMLF is considered b 2 integrin-dependent, CXCL1 acts independently of b 2 integrins. 38 Neutrophil emigration by intranasal challenge with fMLF or CXCL1 could thus serve as an in vivo model to validate the functionally opposing roles of Rho observed in vitro. In fact, neutrophil flux after exposure to both stimuli mirrored the in vitro chemotaxis results. RhoA/B dKO neutrophils migrated significantly faster into the lungs upon CXCL1 challenge, whereas migration toward fMLF was strongly inhibited ( Figure 5D -E). Intranasal infection with E coli recruited neutrophils rapidly into the airways, leading similar to peritoneal challenge, to significantly increased neutrophil influx in RhoA/B dKO mice ( Figure 5F ). Migration upon LPS challenge is considered b 2 integrin-dependent and serves as a model for ALI. Similar to the fMLF challenge, LPS-induced neutrophil recruitment was inhibited in RhoA/B dKO mice ( Figure 5G ). Because of the extended time course of LPS-mediated lung injury, Rho deficiency in alveolar macrophages could contribute to the phenotype. LPS-stimulated macrophages of all genotypes showed comparable cytokine/chemokine profiles and Cox-2 upregulation (supplemental Figure 5A) . The reduced neutrophil influx in LPSchallenged RhoA/B dKO mice did not lead to significant attenuation of lung injury parameters such as BAL protein content, wet-to-dry lung:weight ratio (not shown), or cytokine/chemokine release ( Figure 5H-I ), but increased MPO activity and NET formation ( Figure 5J-K) , most likely as a result of the hyperresponsiveness of RhoA/B dKO neutrophils. Myeloid RhoA/B deficiency amplified pulmonary tissue injury, causing hemorrhage, platelet recruitment, and clot formation ( Figure 5L -M).
Absence of Rho rescues from lethal IAV infection
In contrast to ALI, resolution of IAV-induced pneumonia relies on an efficient influx of highly activated neutrophils. 39 RhoA/B dKO neutrophils possess a hyperresponsive phenotype that may be beneficial in viral infections. The clinical isolate of pandemic 2009H1N1 IAV shows host-specific pathogenicity in mice. 40 Intranasal IAV infection caused exaggerated neutrophil influx into the lungs of RhoA/B dKO mice within 24 hours, which was fivefold higher than the influx in RhoB KO 2 mice ( Figure 6A ). These neutrophils were highly activated, leading to increased BAL protein content and MPO release ( Figure 6B-C) . Two days later, neutrophil counts were still twofold elevated in RhoA/B dKO mice ( Figure 6D ). Chemokine, cytokine, and type I interferon levels in BAL fluid were moderately augmented ( Figure 6E-F) . The increase in soluble mediators may be partially caused by virus-triggered alveolar macrophage responses because poly-IC-stimulated RhoA/B dKO macrophages released higher levels of chemokines and cytokines (supplemental Figure 5B) . Neutrophils recovered from lungs 72 hours after IAV challenge showed enhanced CRAMP expression ( Figure 6G ) and a 200% increase of intracellular viral matrix protein 1 (M1) ( Figure 6H ). Although IAV titers did not correlate with disease outcome in WT mice, 24 a significant reduction in virus load was detected in lung tissue obtained from RhoA/B dKO mice ( Figure 6I ). , and RhoA/B dKO mice. However, although RhoA/B dKO mice never lost .10% body weight, WT 1 and RhoB KO 2 mice continued to not only lose body weight but they also displayed severe respiratory distress and general malaise that required euthanasia between days 3 and 4 ( Figure 6J-K) . RhoA/B dKO mice showed only intermittent mild disease symptoms and all of the mice survived IAV challenge until day 7, when the experiment was terminated.
Discussion
Targeting neutrophil recruitment to inflammatory sites and their activation state is a principal goal for the development of antiinflammatory therapies. This study shows the intricate connections between neutrophil responses that lead to unexpected outcomes. Signaling pathways under the control of cytoskeletal regulators such as Rho GTPases affect several fundamental processes in a manner that cannot always be deduced from inhibitor studies or other cell types. A case in point is this study, where RhoA maintains neutrophil quiescence, controls priming responses, and discriminates between chemotactic stimuli, acting as negative regulator of b 2 -independent neutrophil motility. Neutrophil RhoB is expendable, although it can compensate for RhoA to some extent. RhoB was markedly upregulated in RhoA-deficient neutrophils, most likely because of posttranscriptional stabilization. 41 Although RhoA deficiency triggered granule exocytosis and elevated ROS generation even in the presence of RhoB upregulation, the phenotype of RhoA/B dKO neutrophils was consistently more severe. Generalized preactivation in Rho-deficient neutrophils led to a complex phenotype. As many as 250 proteins including receptors, integrins, the Nox2-p22 phox oxidase complex, GTPases, proteases, antimicrobial peptides, and alarmins will be released upon granule exocytosis. 42 Functionally, priming is best characterized as a prerequisite for an efficient oxidative burst. 4 RhoA/B dKO neutrophils generated exaggerated levels of superoxide, which can be beneficial or detrimental depending on the disease context. Activated integrin signaling constitutes another priming response. Formation of the active Rap1-GTP/RIAM module, as observed upon Rho deletion, mediates integrin activation by RIAM-induced talin recruitment, 31 leading to increased ICAM1 binding and adhesion. Constitutive Rap1 activity may ensue from CalDAG-GEFI and p38 MAPK signaling, 43 because CalDAG-GEFI-deficient neutrophils showed b 2 integrin-dependent loss of adhesion and/or from defects in Rap1 GDP hydrolysis. In addition, Rap1 activity can also trigger signaling via Radil or RAPL and may increase Arf6 inactivation by stimulating the GAP ARAP3. 44 Although strengthening of adhesive signaling usually triggers decreased motility, RhoA/B dKO neutrophils were highly motile without stimulation.
Directed migration was also increased upon almost all challenges. These observations are not in line with the current paradigm that RhoA is essential for front protrusion and back retraction of migrating cells. 45 Neutrophil migration in response to CXCL1, thioglycollate, zymosan particles, E coli, and IAV was strikingly augmented in the absence of Rho proteins, clearly indicating that Rho acts primarily as a negative regulator of migration in vivo. Common to all stimuli, usually restricted by Rho activity, is their b 2 integrin independence when triggering neutrophil influx.
38,46 b 2 -integrin involvement in E coli-mediated chemotaxis has been controversial, but more recent studies by Ong and coworkers 47 support our hypothesis that RhoA controls b 2 -dependent and -independent pathways, albeit in a positive or negative manner. Reducing the need for cytoskeletal deformation BLOOD, 5 JUNE 2014 x VOLUME 123, NUMBER 23 RhoA LIMITS NEUTROPHIL HYPERACTIVATION 3643
For personal use only. on July 7, 2017. by guest www.bloodjournal.org From offset the gain in CXCL1-directed migration, suggesting that RhoA is not essential for gradient sensing but controls structural changes required for deformation. Transmigrating WT neutrophils execute rapid but transient cytoskeletal changes such as F-actin rims. 48, 49 This neutrophil deformability is spatiotemporally fine-tuned, permitting deformation when passing through pulmonary capillaries, followed by cell stiffening for sequestration. This scenario is difficult to address experimentally because increasing the pore size also reduces the steepness of the chemotactic gradient, which affects velocity by altering concentration and/or localization of PI(3,4,5)P 3 , lipid mediators, adenosine triphosphate, and alarmins. Moreover, RhoA may restrict integrin-independent actin flow in vivo, 50 and further studies will be required to clarify this point.
Therapeutically targeting Rho signaling in innate immune cells has been proposed for ALI. The results of this study suggest that at least in terms of LPS-induced lung damage, this approach will not lead to amelioration of the inflammatory phenotype, even though neutrophil numbers in the lung were substantially reduced. In fact, hyperactivation of RhoA/B dKO neutrophils was critical in propagating injury, possibly by enhanced binding to the endothelial wall and tissue factor activation, initiating platelet accumulation and thrombus formation. 51 Thus novel strategies for preventing neutrophil-associated lung injury may need to focus primarily on restricting degranulation. In contrast, features such as nonproductive virus uptake, NET formation, and regulation of dendritic cells and T cells place neutrophils as desirable first responders in viral infections. Endocytosis of viral particles was more efficient in BAL neutrophils derived from IAV-challenged RhoA/B dKO mice, although uptake of fluorescent dextran was comparable in RhoB KO and RhoA/B dKO neutrophils in vitro (data not shown). The prolonged time course of IAV infection will trigger responses from other immune cells, but the immediate influx of activated neutrophils releasing MPO and CRAMP and their increased virus uptake was likely responsible for survival of RhoA/B dKO mice. Importantly, although neutrophils cannot generate infectious viral particles, they can serve as antigenpresenting cells for antiviral CD8
1 T cells. 52 Because increased influx of activated neutrophils will be highly desirable in IAV or respiratory syncytial virus infections, a direct drug-targeting approach for Rho proteins could be beneficial for resolution of viral lung diseases. 
